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planning, processes and monitors engineering telemetry, 
extracts science data, detects and reports spacecraft 
anomalies, determines gaps in data from the spacecraft, 
makes data recall requests, and performs other routine 
mission operations tasks. 

The FPC is the operations support center for the Kepler 
spacecraft and is responsible for mission operations 
management, flight segment (FS) maintenance, and 
spacecraft performance assessment. The FPC receives near 
real-time engineering telemetry from the MOC in support of 
critical activities. FPC functions include FS maintenance 
activities, photometer performance assessment, system test 
bed operations, command generation & validation for 
special FS activities, long-term telecom link analyses, FS 
anomaly resolution, spacecraft flight software maintenance, 
command & telemetry database updates, and FS status 
reporting. 

The DMC is responsible for processing photometer 
telemetry and ancillary data received from the MOC into 
cadence science data sets for further analysis at the SOC. 
Processing consists of un-compressing science telemetry, 
converting science telemetry into standard formats, 
extracting ancillary engineering data, and correcting for 
velocity aberration & barycentric time. The DMC also 
calibrates Full Frame Images (FFIs), removing pixel level 
systematic errors, correcting bias (black-level), smear, and 
dark-current with collateral data, and applies pixel 
calibrations from focal plane characterization models. It also 
archives processed science data from the SOC and manages 
the science data archive. 

The SOC operates the science data pipeline, which is used 
to analyze stellar photometric data from the Kepler 
spacecraft for transit candidates. The SOC performs target 
observation planning, target list maintenance, generation of 
target and compression tables, detailed photometer 
performance monitoring and analysis of stellar photometric 
data. It performs the transiting planet searches and other 
science data analysis activities that the Kepler science team 
ultimately uses to identify extra-solar planets. The SOC 
provides the DMC with data processing pipeline inputs such 
as target definition, aperture definition, and bad pixel tables. 
Following receipt of original and calibrated science data set 
files from the DMC, the SOC returns photometric light 
curves and target database tables to the DMC for inclusion 
in the Kepler Data Archive. 
 

2. END TO END DATA PATH 

Photometer Optical Path 

Light from the science field entering the telescope aperture 
is reflected off of the primary mirror and focused on the 
focal plane. Aberrations inherent to the Schmitt telescope 
configuration are corrected at the entrance aperture by a 
7.6cm thick, 0.95m diameter fused silica Schmitt corrector. 
The focal plane is designed to accommodate the curved 
nature of the best focus field presented by the telescope. 

However, since the technology to cost effectively produce 
curved CCDs does not yet exist, sapphire field flattening 
lenses placed in front of every CCD perform local 
correction just before light hits the array. 

Data collection, processing and compression technique 

Photons striking the focal plane are collected on one of the 
42 charge-coupled devices (CCDs) that comprise Kepler’s 
94.6 megapixel Focal Plane Array (FPA). The CCDs are 
full frame, 2200x1044 pixel line-transfer devices. A readout 
amplifier is located on both ends of the serial register and 
during normal operation one half of each CCD is read out of 
each output. The 20 rows closest to the serial register are 
covered with an opaque light shield, so the photosensitive 
area of the science CCD is only 2200 columns by 1024 
rows. Photons are collected in a pixel for an adjustable 
integration time before being read out in response to a 
clocking signal from the Local Detector Electronics (LDE). 
Pixels are clocked one row at a time along the parallel 
registers into the serial register, then one pixel at a time out 
of the serial register and through the output amplifiers. 
Given the large number of pixels and short time available 
for readout, five high speed output channels are used to 
process the focal plane. The analog signals from the CCD 
outputs are digitized, and then co-added for 270 readouts 
(approximately 30 minutes) by Science Data Accumulators 
(SDAs). Co-adding serves to amplify the signal and reduce 
the data stream from the FPA. The data volume is further 
reduced by only accumulating and saving pixels of interest 
that are specifically requested by the science team. Target 
and Aperture tables define the center of a target area, and 
the number of pixels of interest distributed around each 
target that should be saved. Reference Pixels (RP) for 
monitoring photometer performance and Background 
Targets (BG) for correcting residual instrument artifacts in 
the image, are also collected. Collateral data are pixels 
collected from masked smear, virtual smear and trailing 
black regions at the edges of the CCD (Figure 6). They are 
used for one-dimensional dynamic correction during science 
pipeline post processing. Full Frame Images (FFIs) consist 
of all of the pixels in the FPA; these are collected to verify 
star location, detector properties, and to characterize image 
artifacts.  

Target apertures are generally a ~13x13 pixel box, with the 
average target containing 32 pixels of interest – but they do 
not necessarily need to be rectangular or contiguous. There 
can be up to 1024 different apertures in total for science and 
BG targets. There are about 5.44 million pixels of interest 
(POI) available for science targets, most of which are used 
for planetary transit search. In parallel to science target data 
collection, a set of 512 POIs are taken from the image every 
nine readouts, to provide one-minute short cadence data.  
This high rate data is used for stellar seismology [8]. 
Background pixels have their own target and aperture 
definition tables. Reference Pixels are stored in engineering 
telemetry and used to monitor photometer health by 
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Science Data packets are reassembled into cadence files. 
The MOC checks for cadence file completeness by using the 
SSR Storage Correlation Table to perform an accounting of 
all science data packets in each cadence file. If there is data 
missing, retransmit commands are uplinked to the spacecraft 
at the next monthly contact. Cadence files determined to be 
complete are packaged and forwarded to the DMC.  

Post Processing 

Once received at the DMC, raw cadence files are first 
archived and then decompressed to form raw pixel files.  
Raw pixel files are merged and packaged with Ancillary 
Engineering Data into FITS (Flexible Image Transport 
System) files, archived again then transferred to the SOC. 
Once the data arrives at the SOC, it is read, validated, and 
stored locally for further data processing. There are two 
main pipelines that are run in the SOC.  The first, which is 
run following the monthly Science Data download, 
produces calibrated light curves.  The other, which is run 
following the completion of an observing quarter, performs 
the transit search and data validation. 

The Monthly SOC pipeline begins with pixel-level 
calibration (CAL) to produce calibrated target and 
background pixels prior to further photometric analysis.  
CAL performs basic corrections to remove instrument 
signatures.  Many of the corrections are typical of 
photometry (black correction, gain and non-linearity 
correction, flat field correction), but some are unique to 
Kepler, including smear and dark current correction due to 
the lack of a shutter on the Kepler photometer [7].   

Following CAL, the calibrated pixels are processed by the 
Photometric Analysis (PA) module.  PA produces raw light 
curves by removing sky background and performing simple 
aperture photometry by summing the calibrated corrected 
signal from each pixel of interest in an individual target 
aperture. PA also measures the centroid of each target in 
each cadence measurement. 

The final step in the monthly production of light curves is 
the Pre-Search Data Conditioning (PDC).  PDC removes 
systematic errors from sources as pointing drift, focus 
changes, and thermal transients.   The outputs of the 
monthly processing pipeline include raw and calibrated 
pixels, raw and corrected flux time series, centroids, and 
other statistical parameters for each target star.  Following 
the completion of an observing quarter, these products are 
returned to the DMC for archive and eventual public 
distribution. 

Candidate identification and selection 

Planetary candidates are produced by the Quarterly 
processing pipeline, which consists of two modules – the 
Transiting Planet Search (TPS) and Data Validation (DV).   

As the name implies, the quarterly pipeline is run once an 
observing quarter is complete and all of the data from the 

quarter have been returned to the ground.  The first step in 
the quarterly pipeline is Transiting Planet Search (TPS).  
TPS utilizes a wavelet based adaptive matched filter to look 
for transit like features in the light curves. Transit like 
features whose detection statistic exceeds 7.1-sigma are 
designated as Threshold Crossing Events (TCE), and are 
passed on to Data Validation for further analysis [7]. 

DV performs a series of statistical tests to evaluate the 
confidence in the detection, to reject false positives due to 
background eclipsing binaries, and to extract physical 
parameters of each system.  Once a TCE has been processed 
by DV, its signature is removed from the light curve, and 
the light curve is searched for additional transits.  This 
process (TPS-DV) continues until no further TCEs are 
identified. 

Following the completion of the quarterly pipeline, TCEs 
are forwarded to the TCE Review Team (TCERT) for 
further analysis.  The TCERT evaluates each TCE utilizing 
a number of tools and the most promising candidates are 
forwarded to the Follow-up Observing Program (FOP) for 
confirmation. 

Data Quality Assessment 

There are numerous Data Quality checks built into the SOC 
processing, both automatic and manual.  Automatic data 
quality checks are focused on measuring the performance of 
the photometer, and therefore the quality of the science data.   
The Photometer Data Quality (PDQ) and Photometer 
Performance Assessment (PPA) pipeline modules perform 
these automatic data quality checks.  The PDQ module 
operates on the reference pixels that are downlinked from 
the Flight Segment during the semi-weekly X-band 
contacts.  The PPA module performs more detailed 
performance and quality checks on the light curves and 
pixel data associated with all targets. 

There are also numerous manual quality checks performed 
during the SOC pipeline processing.  These range from an 
analysis of operational events that occurred on the 
spacecraft and flagging the occurrence of these events in the 
science data, to detailed examination of the data products 
produced by the SOC pipeline by members of the SOC and 
Science Office teams. 

3. KEPLER OPERATIONS 

Nominal Mission Operations 

Kepler mission operations activities execute on three basic 
cadences: weekly, monthly, and quarterly. Weekly 
operations activities include mission planning, routine 
housekeeping, command upload and health & safety 
monitoring. Monthly operations activities include stored 
engineering and science data download, flight segment 
maintenance and monthly data processing. Quarterly 
operations activities include target management, flight 
segment re-orientation and quarterly data processing.  



 

 

Weekly Operations Cadence 

A typical operations week for the Kepler team is focused on 
the twice-weekly DSN contacts with the spacecraft. During 
these 8-hour X-band contacts, the Operations Team at the 
MOC performs routine housekeeping activities, Flight 
Segment health and safety assessments, and command 
uploads. Telemetry downloads include various flight 
software log files, low-rate stored engineering data, the SSR 
Storage Correlation Table, and Reference Pixel files. 
Additionally, the real-time telemetry stream is checked for 
anomalous readings or flight rule violations.  Command 
uploads typically include a small number of maintenance 
commands, clean-up commands, and command sequences 
required to prepare for an upcoming monthly or quarterly 
contact.  

Following the completion of a semi-weekly contact, 
downlinked engineering telemetry is processed and archived 
for use by the engineering team at the MOC and FPC, as 
well as the larger Mission Operations Team. Reference pixel 
files are packaged by the MOC and sent to the SOC for 
processing and analysis. The SOC and Science Office 
analyze the reference pixel files to perform periodic 
photometer health assessments and trending as well as quick 
look Flight Segment pointing performance assessment.  

Once a week, the Mission Operations Team gathers for an 
Operations Status and Planning Meeting. At this meeting, 
the health and status of the entire Kepler Mission System 
(Flight Segment, Ground Segment, and Photometer) are 
reviewed. The operations team also reviews upcoming 
activities and changes prior to approval for command 
product generation, validation, and upload. 

Monthly Operations Cadence 

Once per month, Kepler suspends science data collection, 
turns its high gain antenna towards earth and downlinks 
stored engineering and Science Data via the high rate Ka-
band system. These activities, occur during a 24-hour DSN 
contact, and typically result in a 15-16 hour break in science 
data collection.  

Monthly contact activities actually begin prior to the 
initiation of the Ka-band DSN contact.  Initial monthly 
activities include the stopping science data collection, 
collection of monthly calibration data (reverse clock data 
and a full field image), turn-on of the Ka-band telemetry 
stream and maneuvering the high gain antenna to Earth 
point. Once the Ka-band telemetry link is established, on-
board sequences command the downlink of high-rate stored 
engineering data, the current month’s new science data, and 
any data from the previous month that required 
retransmission. Downlink of a full month of science data at 
Ka-band downlink rates usually takes between 4 and 6 
hours, depending on the volume of retransmission data. 

Once the Ka-band downlink is complete and the Ka-band 
link is turned off, the flight segment is maneuvered back to 

the science attitude. This maneuver is followed by a period 
of thermal settling to allow the star trackers and fine 
guidance sensors to return to alignment. Once the thermal 
alignment period is complete, photometer fine pointing is 
reestablished and science data collection is resumed. 

In addition to the science data downlink, normal semi-
weekly housekeeping activities are conducted as well as 
uplink of new short cadence target tables and a new 
background command sequence. 

Quarterly Operations Cadence 

Every three months (once per quarter), the Flight Segment 
must be re-oriented so that the solar arrays point back at the 
sun and the CCD radiator is repointed at deep space. This 
re-orientation requires that the spacecraft be rolled 90 
degrees about the photometer bore sight. In order to 
minimize the impact to data collection, these re-orientations, 
or “Quarterly Rolls” are performed in conjunction with a 
monthly science data download.  

Quarterly roll contacts begin in the same manner as the 
monthly contacts, with the stopping of science data 
collection, calibration data acquisition, maneuver HGA to 
Earth Point and Ka-band science data downlink. The 
differences come following the completion of Ka-band 
dowlink. At this point, instead of returning to the previous 
science attitude, the Flight Segment is rolled 90 degrees to 
the next season’s science attitude. Following the roll, the 
Flight Segment enters a period of thermal stabilization and 
alignment. During the thermal stabilization period, the 
operations team ensures that the target tables for the 
upcoming quarter of science data collection are loaded and 
ready for use. The Operations Team also ensures that the 
new quarter’s fine guidance sensor pixel of interest table is 
readied. Following completion of the thermal stabilization 
period, the Flight Segment is returned to fine point mode in 
the new orientation and initial calibration photometer data is 
collected. A typical quarterly roll contact is scheduled for 
36-48 hours of DSN coverage and results in 22-24 hour 
science break. 

Planning for the quarterly roll actually begins almost 90 
days prior to the execution of the roll with the initiation of 
the Target Management Process. Since the focal plane of the 
photometer is re-oriented 90 degrees, the target stars will 
fall on new locations on the CCDs. As a result, new target 
tables must be generated and uplinked to the Flight 
Segment. This processes, executed by the Science Office 
and the SOC, takes target requests from the Science Team 
and the Guest Observer Program and generates the list of 
targets that will be observed in the upcoming quarter.  The 
SOC then prepares the target tables needed to collect the 
required Science Data. 

Anomaly Resolution and Recovery 

Kepler is a data-driven mission, and maximizing data 
collection time is a key operating parameter. As a result, the 



 

 

primary focus of the Kepler Anomaly Process is the safe 
return to science data collection following an on-board 
anomaly.  

The Kepler spacecraft provides onboard fault detection and 
response functions geared mainly toward guaranteeing the 
safety of the spacecraft.  Most onboard fault conditions 
result in a system safing event where the spacecraft turns off 
the photometer, slews to point a vector normal to the body 
fixed solar array directly at the sun and begins a slow 0.1 
RPM roll about the solar array normal vector.  This places 
the spacecraft in a stable, thermally safe orientation that 
guarantees sunlight will not enter the photometer boresight.  
Telecommunication drops to low rate through the –z low 
gain antenna.  The spacecraft will wait in this configuration 
for ground intervention. 

The Kepler Anomaly Response Process is executed by the 
Project Systems Engineer (PSE) on behalf of the Project 
Manager (PM). The process begins when the Mission 
Operations Team at the MOC recognizing that an anomaly 
has occurred. Appropriate members of the Flight Segment 
Engineering and Operations Management Teams are 
notified and the Anomaly Response Process is initiated. The 
Engineering Team’s prime focus during the early stages of 
an anomaly response is to assess the health and status of the 
Flight Segment and to begin to formulate an understanding 
of what anomaly has occurred.  

Shortly after the initiation of the anomaly response, the PSE 
convenes an Anomaly Review Board (ARB) consisting of 
Engineering, Science, Operations, and Management 
personnel. The ARB’s primary role is to evaluate 
information pertaining to the anomaly and Flight Segment 
health and authorize the execution of diagnostic and 
recovery actions. The ARB may choose to form an 
Anomaly Resolution Team (ART) consisting of subject 
matter experts to further diagnose the problem and to 
develop recovery and/or mitigation actions. Once the ARB 
is satisfied that appropriate recovery actions are available to 
allow a safe return to Science Operations, the ARB returns 
control of recovery and operations activities to the Kepler 
Mission Director (KMD). 

ART activities may continue following the return to science 
operations. These activities may include root cause 
assessment, operational risk assessment, and development 
of Flight Segment and operational changes to mitigate 
issues presented by the anomaly. Once the ART activities 
are complete, their results are presented to the ARB for 
implementation approval. The Operations Team is then 
responsible for implementation of these changes under the 
direction of the KMD. Finally, the ARB reviews the results 
of implementation, and if successful, approves closure of 
the anomaly report. 

4. SUMMARY  

Teasing out the telltale signature of a planetary transit from 
raw, noising photometric data requires a careful and well-

coordinated data management pipeline.  The relatively 
smooth end to end operation of the Kepler data pipeline has 
produced 25 confirmed planet discoveries with over 1200 
candidates currently identified and awaiting independent 
confirmation. Identifying planetary candidates through the 
transit method, once dismissed as impossibly difficult, has 
proven robust.  The discoveries that Kepler is currently 
making are sure to have resounding effects on planetary 
science, astrobiology and cosmology. 
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